Se can act as a limiting nutrient for marine organisms at low concentrations or as a toxic contaminant when concentrations in organismal tissues are sufficiently elevated Lauchli 1993; Lemly 1996) . The existence of multiple oxidation states of Se in natural waters complicates prediction of Se accumulation into plankton food webs, because the different forms have different biological reactivities (Wrench and Measures 1982; Cutter and Bruland 1984) . Uptake of inorganic forms of dissolved Se, i.e., selenite (Se [IV] ) and selenate (Se [VI] ), by phytoplankton and bacteria is widely presumed to be the main pathway for Se into aquatic food webs (Luoma et al. 1992; Wang et al. 1996) . Once incorporated by cells, the oxidized inorganic forms are reduced to organic selenides (Se [ϪII] ) (Wrench and Campbell 1981; Bottino et al. 1984; Besser et al. 1994) . These organic selenides, usually in the form of free and combined seleno-methionine and seleno-cysteine (Fisher and Reinfelder 1991) , can then be released into the environment through excretion, cell lysis, or grazing activity (Cutter 1982; Bottino et al. 1984; Besser et al. 1994) .
Dissolved organic selenides may be an important source of Se for phytoplankton cells, because they can account for ϳ80% of the dissolved Se in open ocean surface waters and a significant fraction in many other environments as well (Wrench 1983; Cutter 1989; Cutter and Cutter 1995) . Nev-ertheless, few studies have measured the bioavailability of organic Se(ϪII) for phytoplankton. Because some algae assimilate dissolved organic forms of nitrogen (Paerl 1991; Peierls and Paerl 1997) and because organic Se(ϪII) is probably associated with organic nitrogen (Wrench and Campbell 1981) , it is possible that incidental organic Se uptake by phytoplankton may occur. Alternatively, because many algae are known to have Se requirements (Price et al. 1987; Harrison et al. 1988; Doblin et al. 1999) , targeted uptake of dissolved organic Se-containing compounds may occur where inorganic Se concentrations are limiting. Although organic Se in open ocean waters is thought to be relatively refractory (Cutter and Bruland 1984) , in other more productive environments, organic Se may be more labile, with a large fraction being recently derived from living cells. This situation may be particularly true during the senescence period of blooms and, more continuously, in estuaries, where freshwater phytoplankton are advected into brackish water.
Some algal species can assimilate Se released by other algal cells. Gobler et al. (1997) observed that Se in unfiltered viral lysates of the marine brown tide alga Aureococcus anophagefferens could be assimilated by the diatom, Thalassiosira pseudonana. It is not clear whether the form of Se taken up was organic Se(ϪII) or Se(IV) produced by extracellular oxidation of the organic Se. Some freshwater algae are known to assimilate seleno-methionine (Riedel et al. 1991) . No studies have unequivocally determined whether the organic Se released by decomposing phytoplankton is available to other phytoplankton, thus possibly augmenting uptake of inorganic forms of Se. Uptake of single Se-containing compounds may not reflect natural processes, because ambient pools of organic Se are complex mixtures (Cutter 1982; Cutter and Cutter 1995) . Moreover, uptake of Se from the dissolved organic pool may vary greatly among species, as has been shown for Se(IV) (Baines and Fisher 2001) . In the present article, we assessed the uptake of Se in filtered algal lysates relative to the uptake of Se(IV) for five phytoplankton species (four eucaryotic algae and one cyanobacterium) that vary widely in their ability to concentrate inorganic Se(IV).
Materials and Methods
The species used in the experiments were T. pseudonana (Bacillariophyceae), Dunaliella tertiolecta (Chlorophyceae), Heterocapsa triquetra (Dinophyceae), Synechococcus bacillus (Cyanophyceae), and Tetraselmis levis (Prasinophyceae). These species were selected because they represent a wide taxonomic range and vary greatly in their ability to take up Se(IV) (Baines and Fisher 2001) . Cells were grown in sterile filtered seawater (SFSW, 0.2 m filtered water collected from 8 km off Southampton, NY, salinity 35) amended with f/2 nutrients (Guillard and Ryther 1962) (Baines and Fisher 2001) . Exponential phase T. pseudonana cells were inoculated at an initial concentration of 1 ϫ 10 4 ml Ϫ1 and were allowed to grow until cell densities reached 3 ϫ 10 6 ml Ϫ1 (4-5 d). The cells were then filtered onto 1.0 m polycarbonate membranes and resuspended into 200 ml of SFSW. The solution containing resuspended cells was subjected to three freeze-thaw cycles. During each cycle, the solution was frozen overnight at Ϫ4ЊC, allowed to melt in a flow through water bath at room temperature (23ЊC), and then placed in the freezer immediately after the last of the ice was melted. After the last thaw, the solution was filtered through 0.2-m membrane filters and the filtrate frozen or used immediately. Solutions were kept on ice during this procedure to limit bacterial activity. If frozen, lysates were used within 1 d of production.
Uptake of lysate Se and Se(IV) was assayed in parallel experiments. Lysate 75 Se and inorganic 75 Se(IV) were added to 250-ml Erlenmeyer flasks that contained 125 ml of SFSW amended with f/2 nutrients to achieve a final concentration of 4.5 nM Se. The first set of experiments was conducted using H. triquetra, T. pseudonana, and S. bacillus. The second set used T. pseudonana, D. tertiolecta, and T. levis. In the second experiment, 5-ml samples were taken at each time point and preserved with 125 l of acidic Lugol's solution for later analysis of cell number and volume by use of a Coulter Counter Multisizer II system fitted with a 70-or 100-m aperture.
Initial samples of the experimental media were taken for analysis of total and particulate radioactivity before algal inocula were added. Inocula from T. pseudonana and H. triquetra cultures in late exponential phase were filtered onto 1.0-m membrane filters and then resuspended into fresh SFSW. Previous experiments have indicated that cells of these species were little affected by this treatment. Cells of the other species were washed three times by first concentrating a 125-ml aliquot of culture via centrifugation at ഠ1,500 g for 10 min, then pouring off the supernatant and bringing the solution back up to 125 ml with SFSW. Initial cell concentrations for all species in the experiments were ϳ100 times less than cell concentrations at stationary phase under our culture conditions.
Total and particle-associated radioactivity were measured prior to adding cells and four to five times over the next 5 d (Fisher and Wente 1993) . Initial values (before the addition of cells) were subtracted from later values to correct for adsorption of organic Se onto the filters, typically 1%-2% of the total dissolved Se. For the particulate measurements, 5-ml aliquots of the experimental cultures were filtered onto 1.0-and 0.2-m polycarbonate membrane filters. These pore sizes were taken to represent, respectively, the incorporation of Se predominantly by algal cells and the combined uptake of Se by algae and bacteria. Filters were rinsed with 10 ml of SFSW. Radioactivity on the filters and in aliquots of solution was assayed at 264 keV for 75 Se with a NaI(Tl) gamma detector (Wallac-Pharmacia Compugamma). Counting times were adjusted to allow us to detect the uptake of 0.5% of the added Se into the Ͼ1 m phase with an analytical error of Ͻ5%.
We also explored whether significant amounts of Se were being taken up as Se(IV) from the lysates. In these experiments, we diluted any 75 Se(IV) label present in the lysate with a large amount of unlabeled Se(IV) and examined the decline in radiolabel incorporation. Nonradioactive Se(IV) was added to a culture of T. pseudonana to achieve a Se(IV) concentration of 45 nM in addition to the 4.5 nM radiolabeled cell lysate (49.5 nM total). Finally, we conducted an experiment to determine whether exposure to light could affect availability of dissolved Se released by algae. Radiolabeled lysate Se (200 ml) was transferred into two gas permeable 1-liter American Fluoroseal Teflon UVB and UVC transparent bags (Amyot et al. 1994; Gobler et al. 1997) , one of which was covered in aluminum foil to block light from the lysate. These bags were then placed in an outdoor water bath (12ЊC) in the sunlight for 6 h (0900-1500 h). After the exposure period, the solutions were dispensed into experimental cultures and Se uptake into 1.0 and 0.2 m fractions was assayed over a 1-week period to account for algal and bacterial uptake.
The ability of bacteria to contribute to the uptake of dissolved Se into the particulate phase was also assessed. In these experiments, SFSW was amended with 4.0 nM of radiolabeled or nonlabeled lysate Se and inoculated with 10 ml of 0.6-m filtered seawater taken from Stony Brook Harbor, NY. In nonlabeled cultures, bacterial abundance was enumerated at 1000ϫ under epifluorescence using 4,6-diamidino-2-phenyl-indole (Porter and Feig 1980) . Dissolved organic carbon (DOC) was determined with a Shimadzu TOC analyzer. Se speciation and bacterial uptake into the Ͼ0.2 m fraction was assessed in the radiolabeled experiments for triplicate inoculated and uninoculated control flasks. Sigmoidal curves were fitted to the pooled time series data of Se uptake by use of a least-squares optimization criterion and a Levenberg-Marquardt iterative search algorithm in SigmaPlot 6.0 (step size, 100; tolerance, 0.0001). The maximum fraction of Se taken up was compared among phytoplankton species and between inorganic Se(IV) and lysate Se by use of t tests on the basis of the estimates of maximum fraction of Se taken up.
Results
T. pseudonana took up 60% of the added Se(IV) in the lysate production cultures. Most (81%) of this Se was released into the dissolved phase over the course of the three freeze-thaw cycles (Table 1) . Growth of cells was exponential throughout the uptake experiments for all species, with the possible exception of T. levis, which exhibited a slight lag phase (Fig. 1 ). There were no discernible differences in growth rate between the cultures exposed to lysate Se and Se(IV).
All species took up 75 Se from lysates of T. pseudonana and from Se(IV) amended media (Fig. 2) . Table 2 presents a comparison of the radioactivity captured on the 0.20m (bacteria ϩ phytoplankton) and 1-m (phytoplankton only) filters. In the Se(IV) uptake experiments, 94%-123% of the radioactivity caught on the 0.2-m filters was caught on the 1.0-m filters, with the exception of D. tertiolecta, for which only 62% of the radioactivity on the 0.2-m filters was found on the 1.0-m filters. Only for T. pseudonana in the first experiment and D. tertiolecta in the second was the difference between the radioactivity on the 1.0-and 0.2-m filters significant (paired two-tailed t test, H 0 ratio ϭ 1, ␣ ϭ 0.05). In the lysate Se uptake experiments, 78%-95% of the radioactivity caught on the 0.2-m filters was caught on the 1.0-m filters, again with the exception of D. tertiolecta, for which only 41% of the radioactivity on the 0.2-m filters was found on the 1.0-m filters. The ratios of radioactivity on the 1.0-and 0.2-m filters were always larger in the Se(IV) treatments than in the lysate Se experiments, which indicates that a greater fraction of the Se was taken up by the 0.2-1.0-m size fraction in the lysate experiments. However, only for the two T. pseudonana experiments were the differences statistically significant (paired one-tailed t test, H 0 ratio ϭ 1, ␣ ϭ 0.05).
Initially, the fraction of radiolabel taken up was similar for both lysate Se and Se(IV) (Fig. 2) . Thereafter, the species that took up Se(IV) most effectively, H. triquetra and T. pseudonana, continued to take up lysate Se but at a rate slower than that for Se(IV). Near the end of the experiment, Se uptake ceased for these species despite continued growth. For the other three species, the fractions of lysate Se and Se(IV) taken up were similar throughout the experiment. The mean fraction of Se taken up varied from 3% (D. tertiolecta) to 79% (T. pseudonana) for Se(IV) and 4% to 53% for lysate Se (Table 3, Fig. 3 ). The two values were highly correlated among species (r 2 ϭ 0.95, P ϭ 0.04, Figs. 3, 4) . After 2 d, the Se content per cell was similar between the lysate Se and Se(IV) experiments (Figs. 3, 5) .
Amending lysate Se with 45 nM selenite significantly decreased Se uptake by T. pseudonana cells. At 5 d, uptake of radioactive lysate Se was 25% in the Se(IV) amended cultures, compared with 42% in the unamended cultures (Fig.  6) . The time course of Se uptake were nearly parallel in the two treatments after the first day, which suggests similar uptake rates after an initial period of inhibition in the Se(IV)-amended cultures. The availability of lysate Se to phytoplankton was not strongly affected by exposure to sunlight (Fig. 7) .
Bacteria grew rapidly in the presence of lysates of T. pseudonana, reaching maximal concentrations of 6 ϫ 10 6 ml Ϫ1 in 6 d (Fig. 8) . Simultaneously, DOC in the cultures dropped from 3.3 mg L Ϫ1 to 1.2 mg L Ϫ1 . However, the radiotracer experiments did not reveal a significant increase in particulate Se over background during the course of the experiments, which indicates little net uptake by bacteria.
Discussion
Assessment of potential experimental artifacts-Although lysate Se and Se(IV) uptake rates varied among species, Se associated with cell lysates of T. pseudonana was generally taken up by the five species to a degree similar to Se(IV), a trend that is especially evident when Se contents are normalized per cell (Fig. 5) . Extensive evidence indicates most intracellular Se in algal cells is in the form of organic Se(ϪII) (Bottino et al. 1984; Vandermuelen and Foda 1988; Fisher and Reinfelder 1991) . Moreover, over the course of in situ decomposition experiments, Cutter (1982) found that ϳ90% of the Se released from dead zooplankton and organic material produced by zooplankton was organic. Consequently, our results suggest that dissolved organic Se may be a significant source of Se to planktonic food webs. However, several possible experimental artifacts need to be addressed before we can support this claim fully.
Although our algal cultures were not axenic, it is highly unlikely that bacteria were responsible for the uptake we observed. We assured this by prewashing the algal inocula with sterile filtered media and ensuring that the algal cells were growing exponentially. As a result, bacterial biomass was always much less (Ͼ2 orders of magnitude) than algal biomass in the cultures. Moreover, in most instances, differences in the amount of radioactivity caught on the 0.2-and 1.0-m filters in the lysate cultures were small (Ͻ15%); because most of the bacteria in the cultures were smaller than 1 m in size, it can be inferred that bacteria accounted for a very small fraction of the particulate Se in general. The exceptions to this rule were the D. tertiolecta cultures. Of the five species we assayed, cells of this species took up the least Se. Consequently, the relatively small amount of Se accumulated by bacteria apparently accounted for a larger fraction of the accumulation in the 0.2-m size fraction of Table 2 . Ratio of radioactivity (r) on 1.0-m to that on 0.2-m filters in the uptake experiments. Each ratio is the mean of four time points for experiment 1 and five time points for experiment 2. P values under the Se(IV) and Se(ϪII) headings are for the null hypothesis that the ratio ϭ 1 (two-tailed t test). The far right column is the P value for the null hypothesis that the ratio is the same in the Se(IV) and Se(ϪII) experiments (paired one-tailed t test).
Species Experiment
No.
Se ( Table 3 . Maximum percentage of total Se taken up during Se(IV) and lysate Se uptake experiments. Means calculated by fitting hyperbolic curves to the data. SD ϭ standard deviation of regression coefficient for maximal uptake. All means are significantly different from 0 (P Ͻ 0.001).
Se ( these experiments. We estimate that 1%-2% of the added Se was accumulated by bacteria in our experiments. This estimate is in agreement with results from the bacterial uptake experiments, which showed that natural bacterial inocula did not accumulate appreciable 75 Se from cultures amended with radiolabeled lysate Se (Fig. 8) .
The radiolabeled cell lysate Se may have included a small fraction of Se(IV). Because of the high affinity for Se(IV) exhibited by many algal species, the uptake of Se(IV), rather than Se(ϪII), might have accounted for all of the observed lysate Se uptake and generated an autocorrelation between the apparent uptake of Se(IV) and lysate Se. However, we found that diluting the 75 Se(IV) by amending lysate Se experiments with unlabeled Se(IV) at 45 nM (10 times the experimental lysate Se concentration) caused the uptake of lysate 75 Se by T. pseudonana to decline from 42% to 25%. For comparison, we can calculate the expected decline if all the radioactive 75 Se taken up by the phytoplankton from the lysates were in the form of Se(IV).
The amount of radiolabel taken up in an experiment, v 75Se , is equivalent to the total Se uptake, v Se , multiplied by the fraction 75 Se(IV)/Se(IV) and the isotopic fractionation constant, f. When Se(IV) is the sole source of Se, v Se depends on total Se(IV) concentration, in accordance with MichaelisMenten uptake kinetics (Baines and Fisher 2001) 
Ϫ1 . The ratio of v 75Se in two experiments with different amounts of Se(IV) but the same amount of 75 Se(IV) reduces to
Ϫ1 . This equation accounts for both the decrease in 75 Se(IV) uptake due to dilution of radiolabel with unlabeled Se(IV) and the increase in total Se uptake due to the increase in total Se(IV) concentration. The K m for T. pseudonana is 0.2 nM for Se(IV) (Baines and Fisher 2001) , and our estimates of Se(IV) concentrations are 0.8 and 45.8 nM for the unamended (i.e., 75 Se only) and amended ( 75 Se ϩ Se[IV]) experiments, respectively. Thus, if Se(IV) were the sole source of Se to the phytoplankton in the lysate uptake experiments, the expected ratio of 75 Se uptake in the amended and unamended experiments would be 46 : 1. This expected ratio is 27 times larger than observed, which indicates that most of the lysate Se uptake probably reflects incorporation of Se(ϪII) or, possibly, Se(VI).
It is very unlikely, however, that uptake of Se(VI) in the lysate Se could have accounted for the observed amount of Se incorporation. Studies of Se released by dead or decomposing phytoplankton indicate that at most 9% of released Se is in the form of inorganic Se, mostly Se(IV) (Cutter 1982) . Moreover, transformation rates of Se(IV) to Se(VI) are very slow, even though Se(VI) is the thermodynamically preferred form of Se under oxic conditions (Cutter and Bruland 1984) . Thus, we do not expect that Se(VI) could have been produced in large quantities in the lysate addition experiments. Even if it were produced, the uptake of Se(VI) would have been relatively slow. Se(IV) is preferentially taken up by marine algal cells over Se(VI) (Vandermuelen and Foda 1988; Hu et al. 1997) .
Cellular Se regulation and estimation of total Se uptake-
The decline in radiolabeled lysate Se uptake by T. pseudonana in the presence of 45 nM unlabeled Se(IV) may indicate that ϳ40% of the Se uptake from the cell lysate was actually due to uptake of Se(IV) produced by mineralization of the organic Se(ϪII). If this were true, the Se uptake in the experiments amended with unlabeled 45 nM Se(IV) may better reflect organic Se uptake than does the uptake measured in the experiments containing only lysates. However, the lower uptake of 75 Se in the experiments amended with unlabeled Se(IV) may also reflect cellular regulation of internal Se stores-i.e., the cells may have decreased their uptake of organic Se in response to higher Se(IV) uptake rates so as to maintain some preferred cellular Se concentration. If this were true, the uptake of 75 Se in the experiments amended only with lysate would provide a better estimate of maximal organic Se uptake, but the prediction of algal Se uptake at subsaturating ambient dissolved Se concentrations would be more complicated, given that interactions between Se(IV) and Se(ϪII) would have to be considered.
Such physiological regulation of Se cellular concentrations in T. pseudonana and other algae probably occurs. First, many diatoms and dinoflagellates are known to have growth requirements for Se Danbara and Shiraiwa 1999; Doblin et al. 1999 ), whereas they also exhibit toxic responses to high Se concentrations (Wong and Oliveira 1991) . Furthermore, cellular concentrations of Se are dynamically maintained. In short-term experiments relating Se(IV) uptake to ambient concentration, T. pseudonana cells attain steady-state Se cell concentrations after only 8 h, which indicates that the Se pool is dynamic and probably consists of primary metabolites or enzymes with quick turnover times (Fisher and Reinfelder 1991) . This observation is consistent with the observation that most of the Se in T. pseudonana cells is present as seleno-amino acids (Fisher and Reinfelder 1991) .
Ecological consequences of Se uptake-Typically, natural bacteria exhibit much higher affinity for major dissolved organic substances than do algae (Wright and Hobbie 1966) . Consequently, the importance of dissolved organic matter to the energy and carbon balance of phytoplankton cells is likely to be minimal except where external dissolved organic concentrations have not been depleted by bacterial activity, such as immediately after an algal bloom or in waters in which there are pulses of allochthonous organic material. However, phytoplankton may be very effective at taking up specific substances that can be used to meet needs other than C and energy. For example, many species of algae show high-affinity uptake for organic compounds, particularly vitamins, which they require and cannot synthesize (Droop 1968) . Organic matter that contains critical limiting elements may also be targeted for direct uptake. For example, dissolved organic nitrogen (DON) and phosphorus uptake by many phytoplankton species has been observed in both marine and freshwater species (e.g., Paerl 1991; Bronk and Glibert 1993; Peierls and Paerl 1997) . Uptake of DON is particularly relevant to dissolved organic Se uptake, because much organic Se is probably associated with nitrogenous organic compounds that contain seleno-methionine or seleno-cysteine (Wrench and Campbell 1981; Bottino et al. 1984; Fisher and Reinfelder 1991) .
Although none of our experimental cultures were limited by Se, the accumulation of organic Se(ϪII) observed here suggests a possible way for phytoplankton in situ to meet their Se requirements when dissolved inorganic Se concentrations are insufficient. Several algal species are known to have growth requirements for Se (Price et al. 1987; Harrison et al. 1988) , and the Se-containing antioxidant enzyme glutathione peroxidase is produced in some phytoplankton . Depletion of inorganic Se is especially likely during bloom periods, because algae which accumulate Se(IV) do so efficiently (Wrench and Measures 1982; Baines and Fisher 2001) . Utilization of organic Se may allow these species to persist longer and obtain a higher standing biomass than would otherwise be possible. Uptake of organic Se may also be important in the open ocean, where Se(IV) and Se(VI) concentrations can be very low relative to organic Se(ϪII) (Cutter and Bruland 1984; Cutter and Cutter 1995) .
Ambient organic Se(ϪII) may be less available to phytoplankton than the lysate produced in this study. Cutter and Bruland (1984) and Cutter and Cutter (1998) have shown that organic Se probably has a 10-yr residence time in the ocean. They conclude that almost all of this pool is refractory. Nonetheless, organic Se in the open ocean is probably less refractory than the bulk of DOC; the turnover time is significantly longer for bulk DOC than for organic Se(ϪII), and DOC persists in abundance in deep waters, whereas organic Se(ϪII) is largely depleted below 1000 m (Cutter and Cutter 1995) . Although phytoplankton are not likely to take up such material in quantities large enough to affect shortterm biogeochemical processes in the open ocean, in some cases where both inorganic Se(IV) and Se(VI) are depleted, even low uptake of organic Se could allow some species to survive Se limitation more effectively.
The lysate Se in our experiments is probably more representative of organic Se released by decaying phytoplankton at the end of phytoplankton blooms or more chronically in estuaries at the turbidity maximum where freshwater phytoplankton advected into the system lyse because of osmotic stress. Where algae are abundant upstream, this continuous input of Se to the estuary may be an important source of Se to the resident food web. The difference between typical and potentially toxic tissue concentrations of Se is unusually small, sometimes differing by as little as a factor of four (Coughlan and Velte 1989) . We have found that, in some estuaries, ambient concentrations of Se(IV) are high enough to result in algal cellular Se concentrations that could lead to toxic responses in consumers (Baines and Fisher 2001) . Any augmentation of Se uptake by these cells via uptake of organic Se(ϪII) could therefore be problematic, particularly in localities where labile organic Se(ϪII) is continually being supplied by lysing cells (i.e., at river mouths and turbidity maxima).
Conclusions-Our results show that Se released by the algal cell lysis can be accumulated by marine phytoplankton to a degree roughly comparable to Se(IV). Because intracellular Se is usually present exclusively in the form of organic Se(ϪII), we presume that the Se in the lysates was organic in nature and that Se taken up from the lysates was therefore also primarily organic Se(ϪII). Such uptake has been observed for seleno-methionine in freshwater algae (albeit at elevated concentrations; Riedel et al. 1991 ) and for Se in viral lysates of the brown tide alga A. anophagefferens (Gobler et al. 1997) . However, to our knowledge, the present study is the first to document that the complex of dissolved organic Se molecules released from algal cells can be taken up by diverse phytoplankton species at rates near those observed for selenite. Future work needs to address the nature of the organic Se(ϪII) being assimilated, the relationship between ambient concentrations of organic Se(ϪII) and accumulation by algae, and the potential for interactions between the various forms of Se.
